The rare-earth tetraborides are exceptional in that the rare-earth ions are topologically equivalent to the frustrated Shastry-Sutherland lattice. In this paper, we report the growth of large single crystals of RB 4 (where R = Nd, Gd → Tm, and Y) by the floating-zone method, using a high-power xenon arc-lamp furnace. The crystal boules have been characterized and tested for their quality using X-ray diffraction techniques and temperature-and field-dependent magnetization and AC resistivity measurements.
Introduction
The inability of a system to minimize the competing magnetic interactions due to crystal structure is termed geometric frustration. This leads to a large ground-state degeneracy, suppressing long-range magnetic order and in many cases gives rise to unusual intermediate magnetic states with a complex arrangement of magnetic moments [1] . The structure of the magnetic ions are generally based around edge-and corner-sharing triangles; some of the most notable examples are the pyrochlore [2] , garnet [3] and kagome lattices [4] .
One model of a geometrically frustrated magnet is the Shastry-Sutherland lattice (SSL) [5, 6] , which is an example of a frustrated network with an exact ground-state solution. The SSL only has a handful of experimental realizations, the most notable being SrCu 2 (BO 3 ) 2 [7, 8] , where the Cu ions form a sublattice that is equivalent to the SSL. This has given a chance to investigate the SSL in the quantum limit [5] . It has been suggested the rare earths in the tetraborides-class of materials can also be described by the SSL [9] . The rare-earth tetraboride-class of materials [10] has attracted a great deal of theoretical and experimental attention, due to the fact that the relatively large magnetic moment of rare-earth ions provides the possibility to investigate the SSL in the classical limit [5] .
The rare-earth tetraborides crystallize in a tetragonal structure with space group P4/mbm (127) [11] . The crystallographic structure (shown in Figure 1 ) can be separated into two parts; a boron and a rare-earth sublattice. The boron sublattice consists of chains of octahedra along the c-axis. The octahedra are bonded by pairs of boron atoms in the ab-plane, forming rings between the octahedra above and below the rare-earth sites ( Figure 1a ) [11] . The rare-earth ions form a network of squares and triangles that is topologically equivalent to the SSL [5, 6] .
Due to the geometrical frustration arising from the arrangement of the magnetic ions in the lattice, the RB 4 family shows a diverse range of magnetic properties from long-range antiferromagnetic ordering in ErB 4 [12] and GdB 4 [13] to a wealth of intermediate incommensurate phases observed in 
Methods
Polycrystalline rods were prepared as described below and single crystals were grown by the floating-zone technique using a four-mirror xenon arc-lamp (3 kW) optical image furnace (CSI FZ-T-12000-X_VI-VP, Crystal Systems Incorporated, Yamanashi, Japan). The crystal quality was checked using a Photonic-Science X-ray backscattering Laue camera system. Phase purity analysis of the samples was carried out using powder X-ray diffraction on either a Panalytical X-Pert Pro MPD diffractometer (monochromated Cu K α1 source) or Bruker D5005 diffractometer (monochromated Cu K α radiation), with a standard Bragg-Brentano geometry. The analysis of the X-ray patterns was performed using the FullProf software suite [29] .
Chemical composition analysis was carried out by energy dispersive X-ray spectroscopy (EDAX) using a scanning electron microscope on pieces cut from a NdB 4 and TmB 4 crystal boule.
A Quantum Design SQUID magnetometer was used to measure the magnetic susceptibility along a principal axis between 1.8 < T < 300 K and 0 < H < 40 kOe. AC resistivity measurements were made using the 4-probe method between 1.8 and 300 K in magnetic fields up to 70 kOe using a Quantum Design Physical Property Measurement System. For all resistivity measurements a current of 10 mA and a frequency of 113 Hz was used with the current applied perpendicular to the field direction.
Results

Polycrystalline Synthesis
In the synthesis of rare-earth borides, it is difficult to avoid the formation and stabilization of small quantities of other R-B phases such as RB 2 , RB 6 , RB 12 , R 2 B 5 , as well as RB 66 , all of which form at temperatures close to the stabilization temperatures and melting points of the RB 4 [30] [31] [32] [33] [34] [35] [36] . Due to the evaporation of boron during the polycrystalline synthesis and crystal growth processes, and the fact that the formation and stabilization of R-B phases is directly dependent on the R/B ratio, it is crucial to minimize any changes in stoichiometry. Therefore, throughout the synthesis procedure, care has been taken to compensate for the losses by adding excess boron in the starting compositions.
Arc Melting
Samples of RB 4 (with R = Nd, Gd → Er, and Y) were first prepared in polycrystalline form by the arc melting technique. Ingots of rare-earth metal, R (all of 99.9% purity, supplied by Alfa Aesar or Aldrich), and powdered boron, naturally occurring B (95-97% purity, purchased from Aldrich) or 11 B (99.52 at%, purchased from Eagle Picher), were melted together according to the reaction equation:
The constituent elements were placed on a water-cooled copper hearth. A 5% excess of boron was added to account for losses during the melting. The rare-earth piece was embedded in the boron powder to produce a combined mass of approximately 1-2 g. The reaction chamber was evacuated to give a vacuum of ∼10 −2 mbar and flushed out with argon gas (3-4 cycles). The melt was then carried out under an argon atmosphere using an arc with a constant current. A molten boule was typically achieved after 30 s of heating and the arc was kept on the melt for a further 30 s. After each melt the sample was allowed to cool, flipped, and re-melted to improve homogeneity. The resulting arc melted ingots (total of 6-8 g) were then partially crushed and arc melted together in a cylindrical mold to form feed rods (typically 5-7 mm diameter and 35-45 mm long) for the crystal growth experiments.
Borothermal Reduction
Due to the high vapor pressure of thulium, TmB 4 could not be prepared by the arc melting method. Polycrystalline TmB 4 was prepared by the solid-state synthesis method, according to the borothermal reaction given below:
Powders of the starting oxide material, Tm 2 O 3 (99.99% purity, supplied by Alfa Aesar), and boron, naturally occurring B or 11 B, were weighed in stoichiometric amounts, mixed together and heat-treated in a flow of argon gas for several days in a horizontal tube furnace with a vacuum option. The powder mixture was heated at a rate of 150 • C/h to temperatures in the range 1400-1500 • C, maintained at these temperatures for 24 h and then cooled at a rate of 150 • C/h. 3 or 4 steps were typically necessary to prepare phase pure polycrystalline material. Before starting each step of the synthesis process, the furnace was evacuated to a vacuum of ∼10 −5 mbar. The sintered materials were reground between each step to ensure good homogeneity and to facilitate the reaction of the starting materials. The resulting materials were then isostatically pressed into rods (typically 5-7 mm diameter and 40-50 mm long) and sintered at 1500 • C in a flow of argon gas for several hours. The sintered rods were used for the crystal growth.
Crystal Growth
Crystals of all the rare-earth tetraborides were grown by the floating-zone method. The growths were carried out in an argon atmosphere, at pressures in the range 2 to 6 bar, and at growth speeds in the range 5-20 mm/h. Higher gas pressures were used to minimize the loss of volatile elements, such as boron, and elements with high vapor pressure, such as thulium. Initially, polycrystalline rods were used as seeds and once good quality crystals were obtained, a crystal seed was used for subsequent growths. The two rods (feed and seed) were counter-rotated, each at a rate of 15-25 rpm. A summary of the conditions used for the different growths of RB 4 crystal boules is given in Table 1 . With the exception of NdB 4 , all RB 4 materials appear to melt congruently. For all the growths, a dark-gray colored deposition was observed on the quartz tube surrounding the feed and seed rods, indicating the evaporation of boron during the growth process.
Crystal samples were obtained for all the growth conditions employed and single crystals large enough for the physical property measurements could be isolated from the as-grown boules. The crystal boules prepared were typically 2-6 mm in diameter and 30-50 mm long. Phase purity analysis was carried out by powdering small pieces of the crystals to perform X-ray diffraction measurements. Extensive X-ray Laue analysis of the as-grown boules of RB 4 usually revealed the presence of 2-3 grains, extending along the length of each of the boules. The grain boundaries were not visible by eye; however, these grains can be isolated to give single crystals typically 5 mm in length and diameter. A selection of Laue photographs taken along the length and the cross section of a HoB 4 crystal boule is shown in Figure 2 . This is representative of the other RB 4 crystals grown. X-ray Laue photographs were taken at 3 mm intervals along the length of two sides of the HoB 4 boule. Identical patterns were obtained for the first 10 mm of the crystal boule, and a second grain is observed for the remaining length of the boule (see Figure 2) . The corresponding Laue patterns taken on the side at 180 degrees are mirror images of these patterns. Laue photographs taken of the cross section of the boule show consistent Laue patterns at several positions, one of which is shown in Figure 2 . We did not observe a consistent growth direction for any of the rare-earth tetraborides crystal boules prepared.
When the RB 4 (with R = Nd, Ho, Er, and Tm) crystals were required for neutron scattering experiments, isotopically enriched boron, 11 B, was used for the preparation of the polycrystalline material in order to reduce the neutron absorption by naturally occurring boron.
The results of the crystal growth of each of the rare-earth tetraborides are discussed in more detail below. The as-grown boule of NdB 4 is shown in Figure 3a . The crystal boule is partially coated with a blue residue. The phase diagram of the Nd-B system shows that at 2400 • C, NdB 4 melts peritectically into NdB 6 and a Nd-rich liquid [30, 36] . Previous literature also reports that NdB 4 decomposes to form NdB 6 above 1800 • C according to the reaction equation [24, 36] :
due to the volatility of the neodymium metal and B-B distances [36] . We believe that the impurity seen on the surface of the crystal boule is NdB 6 , due to this disassociation. The impurity was generally confined to the surface and could be removed easily to isolate reasonably sized single crystals of NdB 4 . The good crystallinity of the isolated single crystals was confirmed by X-ray Laue diffraction (shown in Figure 3b ). Phase purity analysis was carried out and the diffractogram for NdB 4 is shown in Figure 3c . Profile matching (goodness of fit (GOF) = 1.70) indicates that the main phase is NdB 4 and that there is an impurity phase of NdB 6 as expected from the decomposition reaction given in Equation (3). The space group is P4/mbm and the lattice parameters calculated from the profile matching were determined to be a = 7.21993(3) Å and c = 4.10330(2) Å. These agree with previously published results [37, 38] . Composition analysis by EDAX focused on the main part of the crystal as well as the areas of blue. This showed that the cationic ratio averages of 1:4 and 1:6 for Nd:B for the bulk of the crystal and blue regions, respectively. The average atomic percentages of Nd and B were (18.5 ± 0.7)% and (81.5 ± 0.2)% respectively, which is in good agreement with the expected theoretical values of 20% for Nd and 80% for B. While the average atomic percentages of Nd and B in the blue regions is (15.6 ± 0.1)% and (84.4 ± 0.4)% respectively are also in reasonable agreement with the expected values of 14.3% and 85.7% for a ratio of 1:6 for Nd:B.
Temperature dependent magnetization measurements for NdB 4 for H c and H ⊥ c are shown in Figure 4a ,b respectively. Magnetic susceptibility measurements in a field of 5 kOe show successive phase transitions for H c. The transitions are seen as a broad maximum at 7 K followed by a small discontinuous drop at 4.2 K. Measurements for H ⊥ c show an additional transition at T = 17 K. The evolution of the magnetic susceptibility in larger magnetic fields is also shown. The change of the transition temperatures with an increasing magnetic field is consistent with the previously published phase diagram [39] .
The temperature dependent resistivity measurements for H c where the current was applied along the [110] direction is shown in Figure 4c . The resistivity is linear from approximately 20 K up to 300 K indicating the metallic nature of the RB 4 family of compounds. The NdB 4 crystal used has a high residual resistance ratio (RRR), with ρ(300 K)/ρ(2 K) > 100, confirming the low density of defects in the crystal.
The resistivity in a small magnetic field of 100 Oe shows three successive features at 17, 7.2 and 4.9 K consistent with the magnetic susceptibility measurements presented in Figure 4a ,b as well as the previously published phase diagram [39] . Further discussion of the resistivity measurements and data can be found in Ref. [40] . 
GdB 4
The as-grown boule of GdB 4 is shown in Figure 5a . Unlike NdB 4 there is no coating of impurity on the exterior of the boule. The quality of the crystal was checked using X-ray Laue diffraction and the Laue photograph along the [100] direction is shown in Figure 5b .
Phase analysis by powder X-ray diffraction is shown in Figure 5c . The diffractogram indicates the main phase is GdB 4 ; however, there is a GdB 6 impurity. Unlike NdB 4 , GdB 4 does not thermally decompose, and so this is impurity probably arises because GdB 4 and GdB 6 have very similar melting points of 2650 • C and 2510 • C respectively [31, 36] . Additionally, there are two Bragg peaks (indicated with an † in Figure 5c ) which could not be indexed with the P4/mbm space group, and likely arise due to the presence of a small quantity of a Gd 2 B 5 impurity. More detailed investigations are necessary to further optimize the conditions for the synthesis of both the polycrystalline starting materials as well as for the crystal growth, to avoid the presence of these small levels of intergrowths of subsidiary phases in GdB 4 , and these are in progress. The lattice parameters were determined by profile matching (GOF = 1.36) and were determined to be a = 7.1435(2) Å and c = 4.0473(2) Å. These agree with previously published results [37, 41] . 
DyB 4
The as-grown boule of DyB 4 is shown in Figure 6a . Most of the exterior of the boule has the typical dull gray color indicative of the tetraboride, but there is also a small blue region where the melt dripped on to the crystal. This blue region is indicative of the hexaboride formation, similar to that observed in NdB 4 . Powder X-ray diffraction phase purity analysis was carried out (shown in Figure 6c ) on a piece of a crystal selected from outside this area and indicated that the main phase is DyB 4 , with no significant impurity phases. The lattice parameters were determined by profile matching (GOF = 1.23) and were determined to be a = 7.0989(3) Å and c = 4.0183(2) Å. These are in agreement with previously published results [12, 37] . A representative Laue along the [001] direction (shown in Figure 6b ) confirms the good crystallinity of the isolated crystals. The temperature dependence of the magnetic susceptibility of DyB 4 for H c and H ⊥ c is shown in Figure 7 . For H c, DyB 4 shows successive magnetic phase transitions. The first is observed as a broad maximum at approximately 21 K and this is then followed by a small change in gradient at 12 K. These magnetic transitions are also observed for H ⊥ c; however, the higher temperature feature is less pronounced, while the lower temperature cusp is enhanced. In Figure 7 , phase I is paramagnetic and phases II and III have different collinear antiferromagnetic structures. Information on the nature of these magnetic phases has been reported elsewhere [42, 43] . Field-dependent magnetization measurements (not shown) are consistent with the magnetic phase diagram previously published [43] . 
HoB 4
A boule of HoB 4 is shown in Figure 8a . The high crystallinity of the crystal was confirmed with X-ray Laue diffraction and a Laue photograph along the [001] direction is shown in Figure 8b .
Phase purity analysis shows that the main phase is HoB 4 , with no significant impurity phases present. Profile matching (GOF = 2.36) was carried out and the lattice parameters were determined to be a = 7.08674(3) Å and c = 4.00825(2) Å. These agree with previously published results [23, 37, 44] . A few peaks that do not belong to the P4/mbm space group can be observed in the powder X-ray profile of HoB 4 , shown in Figure 8c ; however, due to their extremely reduced intensities, the impurity phase could not be identified.
Temperature dependent resistivity for H c and H ⊥ c for HoB 4 is shown in Figure 9a ,b, respectively. In both cases, the current was applied along the [100] direction. Again, the resistivity is linear from approximately 10 K up to 300 K indicating the metallic nature of HoB 4 . The HoB 4 crystal has a residual resistance ratio (RRR) > 20. The resistivity measurements for both H c and H ⊥ c (H a) show the presence of two features occurring at approximately 7.2 and 5.2 K. For H c both transitions are suppressed in increasing magnetic fields. For H ⊥ c the transition at approximately 7.2 K remains constant, whereas the feature at 5.2 K is suppressed with increasing magnetic field. This behavior is consistent with the previously published magnetic phases diagrams for HoB 4 [45] .
ErB 4
The as-grown boule of ErB 4 is shown in Figure 10a and the quality of the crystal was confirmed through use of X-ray Laue diffraction (shown in Figure 10b ). Phase purity analysis using powder X-ray diffraction is shown in Figure 10c . The main phase corresponds to ErB 4 ; however, there is a small quantity of an ErB 12 impurity phase. ErB 4 does not thermally decompose, but ErB 4 , ErB 2 and ErB 12 have similar melting points (2500, 2185 and 2080 • C respectively [33, 36] ). As a result, ErB 12 is probably forming during the synthesis of the precursors and the crystal growth. Additionally, there are two Bragg peaks (indicated with a † in Figure 10c ) which could not be indexed with the P4/mbm space group, likely arising from an ErB 2 impurity. Subsequent growths eliminated this impurity. The lattice parameters were determined to be a = 7.0705(1) Å and c = 3.99710(8) Å by profile matching (GOF = 1.90) and are in agreement with previous studies [37, 46] . 
TmB 4
A TmB 4 crystal grown is shown in Figure 11a and a Laue photograph obtained along the [100] direction is shown in Figure 11b , confirming the excellent crystallinity of the crystals produced.
Phase purity analysis shows the main phase is TmB 4 . Only a single Bragg peak could not be indexed in the P4/mbm space group, and reveals the presence of a small amount of a Tm 2 O 3 impurity. For the subsequent growths, no sign of impurities was observed. The lattice parameters were determined to be a = 7.05563(8) Å and c = 3.98605(5) Å by profile matching (GOF = 1.92) and are in agreement with previous measurements [23, 47] . Composition analysis by EDAX of the crystal of TmB 4 shows that for the entire length of the crystal boule, the average atomic percentages of Tm and B were (23.3 ± 0.4)% and (76.7 ± 0.4)% respectively, in good agreement with the expected 1:4 ratio for Tm:B. 
Summary
We have been successful in growing large single crystals of rare-earth tetraborides, RB 4 (where R = Nd, Gd → Tm, and Y) by the floating-zone technique. The growth conditions employed are given in Table 1 . The quality and composition of the as-grown boules were investigated using X-ray diffraction techniques. The lattice parameters determined from this analysis are collected in Table 2 . Despite the intergrowth and stabilization of other boride phases due to similar melting temperatures, large crystals of RB 4 could still be isolated from the as-grown boules. Detailed studies are in progress to understand the stabilization of the RB 4 phase and to further optimize the crystal growth conditions. The size and the good quality of the crystals grown make them suitable for most physical properties characterization experiments, such as magnetization and neutron-scattering studies. Investigations of the low temperature magnetic behavior were carried out on some of these RB 4 crystals and the results were found to be consistent with previous results. Table 2 . Lattice parameters calculated from profile matching the powder X-ray diffraction patterns of the RB 4 samples to the P4/mbm tetragonal structure. The previously reported structural parameters quoted are taken from Refs. [37, 47] . Additional references quoting structural parameters for each member of the series are included for completeness. 
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